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Abstract and Conclusion 
The contribution points out modelling results from a techno-economic analysis of battery supported PV systems. 
Especially the ratio of the installed PV peak power to the useable capacity of the battery has a big impact on the rate 
of self-consumption, autarky and economic efficiency. Further on the impact of different household load profiles is 
analysed with focus on cost optimised system designs. The calculations are model-based and take into consideration 
the consumer load profile, technical and economical PV and battery system parameters as well as the framework of 
regulation. Results include the cost optimal system configuration, the operator’s share of self-consumption and 
degree of autarky, grid feed-in and supply and various battery system parameters. One key finding is the importance 
to use realistic load profiles because otherwise the modelling results can be too optimistic for self-consumption and 
total costs. That is especially the case for aggregated profiles that do not represent a real consumer. 
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1. Introduction 
With the introduction of the Renewable Energy Act (German: Erneuerbare-Energien-Gesetz, EEG) in 
2000, a feed-in tariff scheme for electricity from renewable sources has been established in Germany. 
Operators of small PV systems can either feed the generated electricity into the distribution grid and get 
compensated with the feed-in tariff (grid feed-in) or directly use it at the installation site (self-
consumption) and thus reduce the amount of energy purchased from an electric utility. In order to limit the 
rise in electricity prices and the feed into the distribution grid, the EEG was amended in 2009, 2012 and 
2014. Feed-in tariffs were gradually reduced and incentives were set to promote self-consumption of the 
generated PV electricity instead of a complete grid feed-in.  
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A battery energy storage system (BESS) offers the opportunity to match the PV energy supply with the 
respective load profile and thus significantly increase the share of self-consumption and the degree of 
autarky. The design and the optimisation of PV battery systems have been subject of research in different 
studies [1-5]. This paper analyses the impact of different load profiles on BESS design and operation 
profile. It focuses on single family homes with PV systems smaller than 10 kWpeak (peak power) under the 
current economic and legal framework in Germany.  
2. Modelling approach  
The BaPSi (Battery-Photovoltaic-Simulation) Model is a tool for the techno-economic analysis of 
battery supported PV systems. It works as an optimisation model which minimises the total costs for 
electricity supply from the BESS owner and electricity consumer point of view. As results the cost 
optimal system configuration in terms of PV and battery system size is calculated as well as related output 
parameters like the share of self-consumption, the degree of autarky, grid supply and feed-in. The model 
is typically applied in the residential sector with PV system sizes smaller than 10 kWpeak (rooftop systems), 
but can also be used for larger systems. Fig. 1 presents an overview of the model structure. 
Fig. 1. Structure of the BaPSi Model 
The required input parameters for model calculations include data of the consumer side, data of the PV 
and battery system and general economic parameters. In the BaPSi Model the implementation of the PV 
battery system in the electricity supply concept is based on an energy balance between the supply and the 
demand side. The energy balance is calculated for each time step with a priority for direct self-
consumption of the electricity generated by the PV system. To account for short term fluctuations on the 
supply and the demand side the use of high-resolution load and production time depended profiles is 
recommended.  
The optimisation goal is the minimisation of total costs for electricity supply. As a benchmark for PV 
battery systems it is possible to consider either grid supply of electricity only or grid supply in 
combination with a PV system (without battery). The time horizon of the model is variable, but typically a 
value of 20 years is chosen according to the PV feed-in-tariff payment period in Germany and other 
European countries. The time step resolution depends on the available basis data (PV production and 
consumer load profile).  
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3. Data and Assumptions 
This work focuses on the analysis of different load profiles and their impact on the cost optimal system 
design. The analysis is based on three different load profiles with varying characteristics in terms of 
relation between peak and base load and load fluctuations. All profiles have been scaled to an annual 
electricity consumption of 5,400 kWh. Averaged profiles with a five minute-resolution are used to match 
the resolution of the PV production profile. Fig. 2 shows the three different load profiles used in the 
simulations. Profile 1 is the German standard load profile which is an aggregated profile of a larger group 
of households, used by German utilities as a representative load profile for the consumer group [6].  
Profile 1: standard load 
profile (H0) for the year 2014 [6] 
Profile 2: VDI 4655 load 
profile [7] 
Profile 3: synthetic load 
profile [8] 
Fig. 2. Selected load profiles for a workday of a private single family house 
Profile 2 is an average profile of five measured load profiles of single family houses [7]. The Profile 3 
is a synthetic load profile generated by a simulation tool of the Technical University Chemnitz [8].  
A comparison of the three load profiles shows an increasing spread between base and peak load from 
profile one to three. Profiles 2 and 3 include a larger number of load fluctuations. They can be regarded as 
more realistic profiles as they represent realistic behaviour of single consumers compared to the 
aggregated profile 1. 
The PV production profile used in the simulations is a measured profile of a 5.8 kWpeak photovoltaic 
system on a single family house in Zeuthen, Germany. The total energy yield of the system in 2012 was 
1,010 kWh/kWpeak. The production profile can be adapted to different solar irradiation conditions by 
scaling the site-specific solar yield. In the simulations the production profile was normalized to a solar 
yield of 1,000 kWh/kWpeak. The PV system price of 1,640 €/kWpeak represents the German price level in 
the first quarter of 2014 [9]. The annual operation costs include insurance and metering services and are 
calculated as a percentage of the initial system price. 
The BaPSi model supports lead-acid and lithium-ion based battery systems. In the following 
calculations only lithium-ion based systems are considered. The end of life condition is met when the 
remaining capacity reaches 70 % of the initial capacity. Compared to lithium-ion systems, lead-acid 
systems are available at lower initial system prices, but their DoD (max. 50 %) and their cycle lives (max. 
3,500) are significantly lower. The considered system price level of the battery system of 1,000 €/kWh is 
rather optimistic regarding the actual price level of 1,300 to 2,000 €/kWh in Germany for lithium-ion 
systems [10]. Nevertheless there have been significant cost reductions of up to 30 % from 2013 to 2014, 
so it can be assumed that the considered price level will be reached in the near future. In Germany, the 
installation of  PV battery systems is supported by state funding which includes a discounted credit rate 
and a grant on investment [11]. The governmental support program has been considered in the simulations 
and results in a reduction of approx. 30 % of the initial battery system price.  
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For the simulations a system commissioning date in April 2014 was assumed. The considered 
electricity price (29 ct/kWh) represents the average price level for private households in Germany (incl. 
taxes and levies) [12]. The electricity price increase is expected to slow down significantly from more 
than 5 %/a in the period from 2000 to 2013 [12] to 2.5 %/a as an average value during the next 20 years. 
The electricity price increase is a particularly sensitive parameter regarding the modelling results. 
4. Modelling Results 
The modelling results for the selected load profiles as a function of the average electricity price are 
shown in Fig. 3. The calculated cost optimal system configuration in terms of PV and battery size is listed 
beside the diagram. The average electricity price includes the costs for electricity supply from the grid as 
well as the PV and battery system costs (capital and O&M) if present. The revenues from grid feed-in of 
PV electricity and the taxation of self-consumed electricity are considered as well [13]. All revenues and 
expenditures are accounted for the period of 20 years plus commissioning year (proportionally depending 
on commissioning date) according to the EEG feed-in tariff period [14]. 
 Profile 1 Profile 2 Profile 3
Battery capacity 
[kWh] 0.5 2.0 3.7 
PV peak power 
[kWpeak]
4.1 4.1 5.3 
Fig. 3. Average electricity price and cost optimal system configuration for the selected three load profiles 
As a benchmark the average electricity price for grid supply (without PV) is indicated by the blue bar 
in Fig. 3. The average electricity price for grid supply only is the same for all profiles (under the 
assumption of a time-independent electricity tariff) due to the constant annual electricity consumption of 
5,400 kWh/a. For each of the three load profiles a huge potential for cost reduction due to PV and battery 
use can be observed. The highest impacts on the calculated average electricity price result from the 
optimal PV system size. Cost optimised battery system capacities are in the same range because the 
assumed battery system price is relatively close to the break-even price. The break-even battery system 
price compared to PV only is calculated to approx. 1,200 €/kWh (without tax and with governmental 
support) respectively 900 €/kWh (without tax and without governmental support). 
The impact of PV and battery design on total costs varies significantly depending on the load profile. 
The total costs for electricity supply as well as the PV and battery system size in the cost optimal system 
increase from profile 1 to profile 3. This is due to the different levels of self-consumption and autarky  
For the example of load profile 3, the results of a sensitivity analysis regarding the impact of varying 
PV and battery size on the average electricity price are shown in Fig. 4. 
The step in the diagram marks the line where a battery exchange is required due to capacity loss. The 
battery is replaced when the actual number of full charge and discharge cycles exceeds the maximum 
cycle life. The number of cycles generally increases with decreasing battery size. To avoid battery 
exchanges short before the end of the total system lifetime, a tolerance period of 2 years is considered in 
the model calculations. In this case the battery is operated beyond the end of life criteria (actual battery 
cycles > cycle life) which means an operation with an available capacity of < 70 % of the initial capacity. 
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Battery
exchange
Cost optimum: 34.47 ct/kWh
(5.3 kWp, 3.7 kWh)
Price range:
Fig. 4.Dependency of the average electricity price from PV and battery size for the example of load profile 3 
The modelling results show two cost minima (blue areas in Fig. 4). The local minimum lies in the 
region where a battery exchange is required. The larger area (no battery exchange) represents the absolute 
minimum. This area is relatively big, which means that a variety of system configurations reach a 
comparable average electricity price. 
Fig. 5. Distribution of charge and discharge power in dependency of the load profile 
The impact of the load profiles on battery system operation are analysed based on the charge and 
discharge characteristics of the battery. Fig. 5 shows the distribution of charge and discharge power in 
terms of the C-rate (definition: rate of charge/discharge power compared to the capacity of the battery) as 
proportion of time per year. 
On the one hand, longer charge and discharge duration can be observed with increasing battery size. 
On the other hand smaller batteries have longer charge / discharge operation times at maximum power. In 
all cases the maximum C-rate in operation is limited to 1 C. The effect of the C-rate distribution on battery 
lifetime and performance requires further investigation. Nevertheless, it can be assumed that there are 
only minor effects due to the absence of fast charge and discharge operation with C-rates significantly 
higher than 1 C. The SOC distribution shows that in all cases the battery is completely discharged during 
most of its lifetime (60-75 % of the time). During 20 % p.a. the battery is fully charged (SOC = 100 %). 
That means that most of the time (approx. 80-95 %/a) the battery is in stand-by mode either fully charged 
or fully discharged. The amount of time, when the battery is operated in charge or discharge mode, is 
limited to the remaining period (5-20 %/a). The time when the battery is fully discharged decreases with 
increasing battery size which indicates higher battery utilisation. 
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Fig. 6. SOC distribution in dependency of the load profile 
In general deep discharge (DoD = 100 %) and stand-by operation at SOC = 100 % and SOC = 0 % can 
be regarded as unfavourable regarding battery degradation and lifetime [15]. Therefore most 
commercially available systems are operated with a maximum DoD of 70-80 % in the case of lithium-ion 
or 50 % for lead-acid. However, certain cell chemistries of Li-ion systems (e.g. LTO anodes) allow for 
deep discharging without major negative effects on battery performance and lifetime.  
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